Mitochondria are the energy-generating organelles that power eukaryotic cells. Originally descended from endosymbiotic bacteria, their genomes have shrunk during evolution. New analyses suggest that large, gene-rich mitochondrial genomes are more common than previously thought, with interesting implications for eukaryotic genome evolution.
The origin of eukaryotic cells and their mitochondria remains one of the most fascinating topics in evolutionary biology. There has been much progress in recent years, and the evidence now suggests that a symbiosis, or evolutionary merger, between two different kinds of prokaryotes was a foundational event in early eukaryotic evolution: an alphaproteobacterial endosymbiont which became the mitochondrion [1, 2] and a host cell related to the 'Asgard' superphylum of archaea [3] . The discovery of ever-closer modern relatives of these symbiotic partners has re-invigorated classic debates about the establishment of the archaealbacterial symbiosis and the cellular and genomic consequences for what were once free-living prokaryotic cells.
Although descended from free-living bacteria, the mitochondrial genomes of many of the most familiar eukaryotessuch as animals, plants, and fungiencode only a handful of genes [4, 5] . Their highly reduced genomes are the result of endosymbiotic gene transfer (EGT); [6] , in which the genes encoding the great majority of mitochondrial proteins were transferred to the nuclear genome of the host. EGT has also been observed in plastids -the photosynthetic organelles of plants and algae -and is thought to promote the long-term stability of symbioses, making the symbiont dependent on the gene expression of its host. There is little doubt that EGT and gene loss have extensively shaped the genomes of modern eukaryotes: while mitochondria often contain more than 1,000 proteins, very few are encoded by the mitochondrial genome (e.g. 13 in humans, 8 in yeast). The rest are expressed in the nucleus before being imported into the organelle [4] . But the rate of EGT throughout eukaryotic evolution, and its extent in the last common ancestor of the group, remain poorly understood. In this issue of Current Biology, Janou skovec et al. [7] report a new branch on the eukaryotic tree of life, and present genomic analyses that help to clarify the tempo and mode of mitochondrial genome evolution across eukaryotes. Their findings have interesting implications for early eukaryotic evolution and the nature of the last eukaryotic common ancestor.
The report by Janou skovec et al. [7] describes a new single-celled eukaryote, Ancoracysta twista, a free-living, predatory flagellate isolated from tropical brain coral grown in an aquarium. The authors' evolutionary analyses suggest that Ancoracysta does not fall within any of the established 'supergroups' or major lineages of eukaryotes, so its long, independent history makes Ancoracysta an interesting reference point for comparative analyses of early eukaryote evolution. Consistent with its deep-branching phylogenetic position, Ancoracysta displays some unusual and interesting cell biological features. One of these is the 'ancoracyst', a subcellular structure that the authors suggest is discharged to attack and immobilise other microbial eukaryotes, Ancoracysta's prey. But perhaps the most unusual feature of Ancoracysta is its mitochondrial genome, which encodes 47 conserved proteincoding genes. This makes it one of the most gene-rich mitochondrial genomes yet described, ranking third after the mitochondrial genomes of two other groups of eukaryotic microbes: the jakobids, a group of excavates with up to 66 mitochondrially encoded proteins [8] , and another deep-branching protist, Diphylleia rotans, with 51 mitochondrial proteins [9] (Figure 1 ). While these numbers are all far lower than predicted for the bacterial ancestor of mitochondria, they significantly exceed the number of genes encoded by animal, plant and fungal mitochondria, raising the possibility that mitochondrial genome reduction had not yet reached its greatest extent in the last common ancestor of eukaryotes. Consistent with this hypothesis, the closest known relatives of jakobids, Diphylleia and Ancoracysta, have much smaller, more typical mitochondrial genomes, suggesting that mitochondrial genome reduction has evolved multiple times independently.
According to our current understanding of the eukaryotic tree, Ancoracysta, Diphylleia and the jakobids are only very distantly related to each other, so Janou skovec et al. set out to investigate whether large, gene-rich mitochondrial genomes might be more widespread among modern eukaryotes than has previously been appreciated. To do so, they mined published metagenomic datasets to find fragments of mitochondrial DNA that had previously been missed. This approach -finding new genomes in old metagenomic datais a very promising one, and has recently been used to extract thousands of new prokaryotic genomes from public databases without the need for any new sequencing [10] . In the present case, Janou skovec et al. obtained new large, gene-rich mitochondrial genomes for two other distantly related eukaryotic groups, the picozoans and colponemids. Thus, large mitochondrial genomes are found in a number of different lineages that straddle the eukaryotic tree ( Figure 1 ).
Taken together with other recent data on the diversity of mitochondrial genomes in modern eukaryotes [9] , the work of Janou skovec et al. indicates that the mitochondrial genomes of the first eukaryotes -including the earliest ancestors of the animal, fungal and plant lineages -encoded more genes than has previously been appreciated. Moreover, rates of mitochondrial genome reduction and EGT have varied dramatically among and within different groups throughout eukaryotic history.
These results also cast the gene-rich, bacteria-like mitochondria of jakobids [8] in a new light. Sometimes thought to represent extreme outliers, or perhaps basal lineages that might uniquely preserve the ancestral state [8, 11] , it now appears that jakobid mitochondria represent one end of a broad continuum of genome sizes that results from ongoing variation in the underlying evolutionary rate. That this has only now become apparent is a reflection of our poor sampling of eukaryotic genome diversity, which remains both limited and heavily biased towards animals, plants, and fungi, which collectively represent only a small fraction of eukaryotic biodiversity [12] .
The variation in evolutionary rate documented by Janou skovec et al. raises new questions about the factors that govern mitochondrial genome size in all eukaryotes. The need to retain a genome at all may be driven by a requirement for regulating energy metabolism [13] , because mitochondria that have lost their electron transport chain also lose their genome [2, 14] . But a unified theory that accounts for the size variation of mitochondrial -and indeed nucleargenomes across the eukaryotic tree remains lacking. It seems certain that such a theory will be informed not only by the more familiar eukaryotes -animals, plants and fungi -but also by new data from the incredible diversity of eukaryotic microbes, which is now being revealed by studies such as that of Janou skovec and colleagues. As their work nicely illustrates, targeted genome sequencing and cell biological characterisation of divergent eukaryotes will be crucial in order to test theories for eukaryotic evolution against new data, and to enrich our understanding of the biosphere and life's diversity. This schematic tree shows the position of Ancoracysta twista and other groups with generich mitochondria (highlighted in blue) relative to the characterised major lineages, or supergroups, of eukaryotes. The structure of the tree is adapted from [12] , but many of the details are the subject of ongoing debate -in particular, the deep relationships among the different major lineages and the root of the tree, which may separate either the 'unikonts' (Obazoa and Amoebozoa) from the 'bikonts' (all other eukaryotes) [15] , lie within the excavates, or between the excavates and all other groups [16] ; there are also a number of 'orphan lineages' whose relationships to the established groups are unclear. Note that under all of these rooting hypotheses, eukaryotes with gene-rich mitochondria are found in both descendant lineages, implying that mitochondrial genome reduction continued in parallel in a number of different lineages after the radiation of the major eukaryotic groups.
